[1] Using four pentadecadal hydrographic time series of biogeochemical properties over the North Pacific subpolar region, we found that the linear trends of these properties over this region due to sea surface stratification. Decadal periodicity of 18 years was also found although there were the opposite phases between the eastern and western sides. Despite decreasing trends of DO with an increase of PO 4 , N* in the subsurface water showed an increasing trend of 0.18 mmol kg À1 y
Introduction
[2] Based on models and observations, a decrease of water formation rate has been already caused as a response to global warming [e.g., Levitus et al., 2001] . Recent hydrographic data also have shown that the oceanic biogeochemical conditions have changed on a decadal scale [e.g., Karl et al., 2001] . The most important key areas for biogeochemical changes are the intermediate-deep water formation areas, especially, the high latitudinal productive areas such as the North Atlantic, Southern Oceans, and the North Pacific subpolar region. Clarification of what causes the long-term changes of oceanic physical and biogeochemical conditions is an essential step for predicting global climate changes in the future.
[3] The North Pacific subpolar region has a relatively high primary productivity compared to the subtropical regions, which are derived from larger sized phytoplankton such as diatoms [e.g., Honda et al., 2002] . Consequently, this region is an important sink of CO 2 [e.g., Takahashi et al., 2002] . Recent studies have already reported the linear increases of temperature (T) and phosphate (PO 4 ), and the linear decreases of salinity (S) and dissolved oxygen (DO) in the western and eastern sides of the North Pacific [e.g., Watanabe et al., 2003] , which were superimposed on decadal oscillation. However, each study was based only on time series of a local fixed observation point and/or the composite of different qualitative data sets with large systematic errors. Thus, it is difficult to comprehend quantitatively all the biogeochemical changes throughout the entire polar/subpolar region, and to clarify the consequent factors causing biogeochemical impact such as the imbalance of nitrogen and/or carbon in the ocean. The integrative analysis derived from time series of several fixed observation points is necessary. Here we focused on four time series data sets of fixed observation sites covering the North Pacific subpolar region, and tried to integrate them in order to clarify a possibility of biogeochemical change such as a shift of biological species.
Data and Methods
[4] We here used the following four time series data sets of biogeochemical properties within two representative gyres of the North Pacific [Ohtani, 1991] (Figure 1) [Fisheries and Oceans Canada, 2006] . All the DO and nutrients were measured by the Winkler method, the molybdenum photometric method and copper-cadmium sulfanilamide reduction method as classical methods. An offset between the entire cruises had been estimated to be less than 0.1 mmol kg À1 for PO 4 , 1 mmol kg À1 for NO 2 + NO 3 , 5 mmol kg À1 for Si, and 5 mmol kg À1 for DO, respectively. We here used these data without any correction for the offsets in this study. Using PO 4 and NO 2 + NO 3 , we also estimated N*(= [NO 2 + NO 3 ] À R N/P Á[PO 4 ] + 2.9, where R N/P = 16 [Deutsch et al., 2001] ) as an index of nitrogen fixation-denitrification.
[5] Both Stas. KN and NP did not have sufficient decadal time series individually. Since the structure of the surface water mass in the North Pacific subpolar region mainly consists of the Western Subarctic Gyre (WSG) and the Alaskan Gyre (AG) [Ohtani, 1991] , we here considered that both Stas. KN and WP are located within WSG, and both Stas. NP and EP are within AG. In previous studies, many hydrographic properties have shown a long-term linear trends and oscillations [e.g., Watanabe et al., 2003] . Therefore, in order to distinguish them, we applied an equation of the Fourier sine expansion to the time series data sets in each site: (X = Àa Á y + b + c Á sin {2p (y À d)/e}, where 'X' refers one within several properties. 'y' is the calendar year. 'a' À 'e' are constants. That is, X = linear trend component (L) + oscillation component (O)).
Results
[6] Over this region, we found significant linear trends of hydrographic properties that were superimposed on the decadal periodicity. For DO, PO 4 , T and N* on 26.8 s q below the winter mixed layer (Figure 2 ), the trends and oscillations in the two gyres were almost the same while there were the opposite phases of oscillation between the two gyres. As the averaged trend and oscillation in the two gyres, DO ave was À0.74 ± 0.01 mmol kg À1 y À1 and 18.1 ± 0.3 y; PO 4ave was +0.003 ± 0.001 mmol kg À1 y À1 and 18.1 ± 1.4 y; T ave was +0.011°C y À1 and 17.6 y (n = 1); N* ave was +0.18 ± 0.00 mmol kg À1 y À1 and 19.9 ± 1.1 y. [7] On the other hand, in the surface mixed layer in springtime (April -June) (Figure 3 ), the trends and oscillations of s q , S and Si in both gyres were also almost the same with the opposite phases between the two gyres. However, the trends of NO 2 + NO 3 and N* in the east was more than twice as that in the west. As the averaged trend and oscillation, s qave was À0.006 ± 0.000 y À1 and not significant (ns); Si ave was À0.20 ± 0.01 mmol kg À1 y À1 and ns; S ave was À0.003 ± 0.001 y À1 and 19.3 y (n = 1); NO 2 + NO 3ave was À0.10 mmol kg À1 y À1 (n = 1) and ns; N* ave was +0.12 ± 0.06 mmol kg À1 y À1 and 18.9 ± 1.3 y.
Discussion

Changes of Biogeochemical Properties in the Subsurface Water
[8] The water mass centered on 26.8 s q is North Pacific Intermediate Water (NPIW) which is the only water mass produced in the North Pacific subpolar region, and it spreads over the North Pacific. The origin is near the transition domain east off Japan and the Sea of Okhotsk. NPIW flows almost directly eastward, taking 5 to 7 years to reach Sta. EP in AG [Ueno and Yasuda, 2003] . Yasuda et al. [2006] showed a possibility that an 18.6-year period nodal tidal cycle links to decadal variations of hydrographic properties. Andreev and Baturina [2006] also found that decadal change of DO in NPIW was able to be described by a combination of the intensity of the Aleutian Low pressure, the wind stress and tidal amplitude. Thus, these mechanisms and the eastward transported time of NPIW may result in the oscillation of 18 years in these properties and its opposite phase in the two gyres.
[9] On the other hand, it is possible that the trend has been caused by the reduction of formation of NPIW due to global warming, which has been already supported by recent several reports [e.g., Emerson et al., 2004] . However, it is difficult to explain the same trend between the two gyres based on only the circulation of NPIW. NPIW is diluted by 50% with ambient water from WSG to AG [e.g., Watanabe et al., 1995; Whitney et al., 2007] . If the origin of changes of hydrographic properties in NPIW is only in WSG, the intensity of trend of each property in AG will be about half as that in WSG. However, the actual trend was almost the same between the two gyres. For example, the trend of DO of À0.73 mmol kg À1 y À1 in WSG closely agreed with those of À0.75 mmol kg À1 y À1 in AG. Therefore, it is possible that the intensity of other factors causing the trend is equivalent to the intensity of circulation of NPIW because all properties' trends are almost the same between the two gyres despite mixing of 50%. Except the circulation of NPIW, what mainly causes the trends of hydrographic property over the subpolar region?
Implications of Linear Increasing Trend of N*
[10] The time series of hydrographic properties in the surface mixed layer in springtime could help us to clarify the cause of the trend (Figure 3) . The surface density (s q ) had declined with a decrease of salinity in the two gyres, indicating the progression of stratification of surface mixed layer in the past five decades. With the reinforcement of stratification, Si had also decreased by 0.2 mmol kg À1 y À1 in both gyres. NO 2 + NO 3 in AG had decreased while that in WSG had not changed significantly. Furthermore, the Si/N ratio has decreased from 2.1 ± 0.3 to 1.4 ± 0.1 in the past five decades. N* has increased by 0.07 -0.15 mmol kg À1 y
À1
as well as that in NPIW, and the trend of N* in the east was twice as that in the west.
[11] In order to explain the same trend between the two gyres except the circulation of NPIW, we here focus on the change of N* and consider the following four possibilities: (i) the increase of supply of higher N* from intermediate/ deep to surface waters; (ii) the increase of input of N from rivers and/or atmosphere; (iii) the increase of diazotrophs; (iv) the decrease of the N/P ratio required for diatoms derived from iron deficiency.
[12] Yamagishi et al. [2005] reported the denitrification in DO minimum zone of NPIW. For the possibility of (i), because DO has declined during the past five decades in NPIW in both gyres (Figure 2 ), it is difficult to cause the increase of N* by a decrease of denitrification through the water column. The increase of N* may be mainly caused by a decrease of denitrification in the original area of NPIW near the transition domain in WSG. However, a recent reobservation near the Sea of Okhotsk in WSG showed a remarkable decrease of N* in the past decade, which was derived from the reinforcement of denitrification due to a change of bacterial activity [Watanabe and Nishioka, 2007] . Furthermore, considering that the increasing trend of N* in NPIW is the same in both gyres and the mixing of 50% occurs eastward, only the weakness of denitrification around WSG can not explain the increase of N* in the two gyres.
[13] In the case of (ii), the Amur River and/or Asian dust may play an important role in causing the increase of N* over this region. Since both these sources are located in the westernmost side, the influence of these changes generally decrease eastward [e.g., Mahowald et al., 2005] , which can not explain the same trend of N* in NPIW in both gyres and the larger trend of N* in the surface of AG. There was no actual remarkable decrease of salinity causing an increase of N in the surface, indicating that the influence of river was at least small. Furthermore, it would be also difficult for the changes of the Amur River and Asian dust simultaneously to cause the opposite phases of oscillation of N* between the two gyres.
[14] For the possibility of (iii), using model calculation based on the residual of PO 4 in conditions when nitrogen was deficient, Deutsch et al. [2007] suggested a possibility of existence of diazotrophs in the North Pacific subpolar region although the ratio of diazotrophs to the export flux was less than 10%. In general, PO 4 remains when N is deficient in the surface water of the subpolar region. However, we can not know whether diazotrophs recently have increased or not in this region since their abundance is small. Thus, the possibility of (iii) may be small although without further data it is difficult to deny it.
[15] Consequently, the case of (iv) as a decrease of the N/P ratio required for diatoms derived from iron deficiency could possibly result in the trend of N* in this region. Price [2005] reported that the ratio of N/P of diatoms declines by two thirds under iron-limited conditions. In addition, several reports showed that the ratio of Si/N of diatoms increases by a factor of 2 -3 under iron-limited conditions [e.g., Hutchins and Bruland, 1998 ]. According to these studies, when the sea surface water within a domain of diatoms continues to exist under iron-deficient conditions, N* must increase with decreasing Si. On the other hand, the primary production generally decreases under iron-limited condition. Maldonado et al. [2001] has shown that diatom sinking rates are faster by four times when iron-limited conditions than when ironreplete, which implies that a greater fraction of the primary production may be exported even though the total amount of primary production would decline. This can allow us to explain the decrease of DO in NPIW with increasing N* in the surface.
[16] N* actually has increased with decreasing Si in the surface, and the surface mixed layer in AG has about twice the increasing trend of N* as in WSG. Suzuki et al. [2002] reported that the limitations of iron and nitrogen in AG were larger than those in WSG. If the mixing of NPIW occurs by 50% eastward, the intensity of decrease of N/P of diatoms in AG can explain most of the causes for the same trend of N* between the two gyres. Consequently, we can find that the trends of N* in both gyres were the same despite the eastward mixing, suggesting a probability of recent reduction of iron supplied from deep water to surface water, and a probability of a shift of phytoplankton including the physiological and/or phytoplankton community structure changes with the decrease of primary productivity derived from the reinforcement of stratification. However, only the case of (iv) can not completely explain the increasing trend of N* in NPIW because a part of lower N/P organic matter by diatom is regenerated in the subsurface, which suggests that there has been already a possibility of the case of (iii) in addition to the case of (iv). Therefore, the decadal increase of N* must be caused by a combination between the change of formation of NPIW, the decrease of N/P of nutrient uptake by diatoms, and/or the increase of diazotrophs.
[17] In the surface mixed layer, if Si continues to decline with the same trend of À0.2 mmol kg À1 y
as currently, Si will be depleted in the next 70 years while N of 3.3 mmol kg
and P of 0.5 mmol kg À1 will be still retained. Furthermore, contiguous depletion of nutrient property is N while P of 0.2 mmol kg À1 will remain for about 30 years after the depletion of Si. Deutsch et al. [2007] has already suggested a possibility of existence of diazotrophs in the subpolar region. Additionally, Intergovernmental Panel on Climate Change [2007] reported that precipitation in the subpolar region will increase by the next century. Jo et al. [2007] revealed that the Asian dust supplied by the precipitation is available for the phytoplankton in the North Pacific. If the precipitation increases with the constant intensity of Asian dust, the atmospheric supply of iron to the sea surface would increase. Since N is depleted by the ocean stratification in this time, diazotrophs may appear remarkably over the subpolar region. The shift of phytoplankton in regions Figure 3 . Time series of s q (orange circle), S (blue square), Si (black cross), NO 2 + NO 3 (red triangle) and N*(green triangle) in the surface mixed layer in the springtime. We used average values within the surface mixed layer. Solid and dashed lines indicate the significant fitted curves and linear trends (see Table 1 with high primary productivity may play important role in global balances of nitrogen and carbon in the future.
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